major contributor to the rising problem of overdiagnosis, with the subsequent risk of overtreatment, is the development of highly sensitive diagnostic technologies that challenge and sometimes expand existing disease definitions. Whereas such technologies might help to identify new or milder disease, make diagnoses earlier or identify previously undetected abnormalities, the impact on prognosis and treatment often remains uncertain. It is often unclear what proportion of additional abnormalities found is benign or should prompt no intervention, and what proportion is indeed clinically relevant and worthy of treatment. Therefore, it is unclear how many people might receive a diagnosis and unnecessary treatment as a result of widespread introduction of the new test. As such, new diagnostic technologies may lead to overdiagnosis and overtreatment.
Traditional cross-sectional studies of diagnostic accuracy that only employ the current reference standard are insufficient to evaluate the clinical relevance of many new highly sensitive tests. Appropriate methods for assessing the performance of these tests should be developed to overcome the challenges induced by present-day technologic developments. Improved data analysis and presentation of current studies of diagnostic accuracy, and better use of existing data are required. Test-treatment trials may be needed to measure the effectiveness or impact of new highly sensitive diag nostic tests on improving patient-relevant outcomes, to avoid the harms of overdiagnosis and overtreatment.
What is overdiagnosis and how might new diagnostic tests contribute?
Overdiagnosis due to the introduction of new tests occurs when the tests identify abnormalities that are indolent, nonprogressive or regressive, and that, if left untreated, will not cause symptoms or shorten an individual's life. 1 A well-known example of a test detecting ever-smaller abnormalities of uncertain prognosis and therefore leading to overdiagnosis is enhanced mammography for detecting ductal carcinoma in situ. [2] [3] [4] The problem of overdiagnosis, in general, arises and persists due to multiple complex forces such as financial gain, legal concerns and media hype. 5, 6 Some have argued that millions of people may be receiving unwarranted and potentially harmful treatments and have advocated for fairer, more rational and less wasteful health care systems. 7, 8 A major driver of over diagnosis and overtreatment is the development of ever-more-sensitive diagnostic tests, such as biomarkers and high-resolution imaging techniques. 9, 10 More sensitive tests might identify milder or subclinical disease that may enable patients to benefit from early treatment; these tests can also increase our understanding of diseases and stimulate the search for new and specific treatments. However, it is not always clear whether patients with newly detected abnormalities have the same poor prognosis or similarly respond to usual treatment protocols as patients with established disease. In such cases, a new test could potentially lead to overdiagnosis and overtreatment. For example, spiral computed tomography is capable of detecting very small pulmonary emboli (i.e., subsegmental embolisms), but do these subclinical emboli have the same clinical consequences for the patient as larger emboli, do patients have a similar prognosis and will therapy have similar effects? Or will treatment do more harm than good?
Another example of a test that detects "new abnormalities" is 7 tesla magnetic resonance imaging of the brain. 11 This technology is sensitive to detection of a range of abnormalities, but it is not clear if detected lesions are early, mild or even different patterns of existing diseases. As such, questions about patient prognosis and response to any treatment are again difficult to answer.
What is the problem?
The standard method of ascertaining the accuracy of a new diagnostic test uses a cross-sectional design (Figure 1 
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• Test-treatment trials may still be needed to determine whether the new test will improve patient-relevant outcomes, or rather induce overdiagnosis and overtreatment. dard (i.e., the method or combination of methods that in current practice is the best way to establish whether the target disease is present or absent). 9 This approach is not well suited to evaluate whether patients actually benefit from use of the new test. The new test might well be superior to the prevailing reference standard in a study of diagnostic accuracy, in which case the study may provide too little or even biased information about the true value of the new test.
Furthermore, in standard studies of diagnostic accuracy, disease is assumed to be a dichotomous state. Either the disease is present or it is not, and either you benefit from treatment or you do not (Figure 2A ). However, disease is now understood, in most cases, to be rather a spectrum of abnormalities on a more continuous scale. New highly sensitive tests might reveal to us more of the full spectrum of disease, but we are also confronted with a need to decide on a disease threshold. When a new highly sensitive test identifies new (milder or less advanced) cases, the question is, "What clinical action, if any, should be taken on these new cases?" ( Figure 2B ). 10 Another assumption of standard studies of diagnostic accuracy is that the reference standard test is the best way to classify disease status. Under this assumption, all new abnormalities detected by the new test that are diagnosed negative (i.e., disease is absent) by the reference standard will be considered false-positive results ( Figure 3A) . The question then arises of whether to stick to the prevailing disease definition or to lower the threshold for presence of disease (light-shaded rounded squares, Figure 3B ). 12 However, it cannot be assumed that all of these new cases benefit from identification in the same way as the cases detected with the prevailing reference standard (darkshaded squares, Figure 3B ). These patients may have milder or earlier stages of disease ( Figure 2B ), and therefore their signs and symptoms, prognosis and response to treatment may differ from those of patients whose diseases are detected with the prevailing reference standard. However, before lowering the disease threshold, one should first consider the consequences of such a change by studying the prognosis of these newly identified abnormalities or disease states, whether they would benefit from closer monitoring, and what their outcomes are after being treated. Treating and even monitoring these new cases may be at least unnecessary and wasteful in some cases, and harmful in others ( Figure 3C 
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What is the solution?
We are in urgent need of a more extensive methodologic framework to evaluate whether a new diagnostic test that challenges prevailing disease definitions and reference standards leads to real clinical benefit or rather to over diagnosis and overtreatment. Allowing advancing technologies to drive the process of lowering disease thresholds instead of first investigating their true clinical relevance would be unwise. Of course, when new diagnostic technologies emerge, there may be a need to carefully re-examine which subgroups of patients need which treatment or whether we should refrain from treatment at all in some patients.
Enhancing traditional cross-sectional studies of diagnostic accuracy
Traditional cross-sectional studies of diagnostic accuracy may be adapted to provide valuable information if analyzed and presented in a different way and by additional use of readily available sources of information. The key concept is to assume that there is no reference standard and to compare the tests on an equal footing by focusing on all the patients for whom the results of the new test and the existing reference standard disagree. 12 By focusing on data from these patients, we are able to examine the clinical consequences of choosing one test or the other as the reference standard. Also in standard cross-sectional studies of diagnostic accuracy, researchers often collect detailed information on relevant signs, symptoms, other concomitant diagnostic test results and even prognostic factors. By use of such data from the patients with discordant results, the new highly sensitive test and the existing reference standard can be compared according to this additional information, and thus it can be determined whether they are different and perhaps reflect different disease stages or entities. It may even be possible to ascertain which test is better at distinguishing the clinically relevant disease stages. 12 We suggest that such information should always be provided by researchers when reporting findings from a cross-sectional study of diagnostic accuracy.
Moreover, information gleaned from such methods can further be used by researchers to determine whether patients comparable to the patients with discordant results in their crosssectional study are already enrolled in reported prognostic or randomized treatment studies. By establishing the reported prognosis and response to treatment of such patients, diagnostic researchers may actually infer the clinical relevance of the patients with discordant results and thus of diagnosing previously undetected abnormalities or earlier disease.
Since it is not currently necessary to show proven or estimated diagnostic accuracy to be allowed market access in the European CE (conformity marking) approval system, new tests, including highly sensitive tests, are often introduced in clinical practice before formal comparisons of accuracy against the prevailing reference standard are made. A formal cross-sectional study on the diagnostic accuracy of a new test that is already on the market may be enhanced by analysis of routine care data that is already available (e.g., from hospital registries or postmarket surveillance). Such data may include results of the new test actually observed in practice, the relation of these new test results with other diagnostic test results or prognostic factors, administered treatments based on the new test's results, and patient outcomes associated with use of the new test.
Despite use of additional sources of information through the approaches described above, it may still not be possible to estimate accurately the true benefit or impact of a new test and subsequently administered treatments. However, such approaches are invaluable in determining which new tests require further examination by gathering direct evidence on benefits of new highly sensitive tests.
Gathering direct evidence of clinically relevant outcomes: randomized test-treatment trials
Prospective test-treatment trials compare relevant health outcomes of patients randomly assigned to a test-treatment pathway that includes the new test with patients assigned to an existing test-treatment pathway. Such trials are lengthy and expensive, and therefore not routinely undertaken. One of the few examples of a test evaluated extensively in this manner (with respect to both benefits and harms) is B-type natriuretic peptide (BNP) as a diagnostic test to detect heart failure. 13 Currently, there are various designs of such test-treatment trials. 14, 15 In randomize-all designs, all patients meeting the trial eligibility criteria, irrespective of their result on the new test, are randomly allocated to either experimental or control treatment. Thereafter, associations between test status and treatment response are evaluated. A more efficient design is the so-called enrichment design, in which all potentially eligible patients are first tested using the new diagnostic test, and only patients with positive test results are randomly assigned to the experimental or control intervention. Other patients are in principle excluded from further investigation in the study.
In so-called test-strategy designs, patients with positive test results would receive experimental therapy, and all patients with negative test results would get standard care. More subtle modifications to these three designs are possible.
Conclusion
Ongoing technologic advances in medicine will continue to lead to the development of highly sensitive diagnostic tests that challenge existing reference standards and sometimes expand current disease definitions, which may contribute to overdiagnosis and overtreatment. 10 Traditional cross-sectional studies of diagnostic accuracy are insufficient to evaluate new tests that outperform the current reference standard. 14 There is uncertainty and debate about which is the most valid, efficient and informative design for evaluation of a new highly sensitive test. Although test-treatment trials provide the most direct evidence, they may be inefficient and require long follow-up periods, which means that it is not feasible to perform such studies for every new test entering the market. 16, 17 Linked evidence approaches, which extrapolate short-term intermediate outcomes to long-term patient-relevant outcomes, can improve the efficiency of such trials by shortening the follow-up period and selecting the patient subgroups that are most likely benefitting from the new test. 18 Additionally, focusing on the patients with discordant results from traditional cross-sectional studies on diagnostic accuracy, by using a design in which only these patients are randomly assigned to treatment, can make test-treatment trials more efficient, although they may still require substantial effort and expense.
Therefore, we recommend first carefully examining discordant pairs from the traditional cross-sectional studies of diagnostic accuracy using routinely collected observational data, as outlined in the "What is the solution?" section, to help determine whether a test-treatment trial is necessary. Decision-analytic and costeffectiveness modelling studies may also be useful gatekeepers or even potential replacements for test-treatment trials. 19, 20 These approaches integrate best-available information on test accuracy along with the treatment effectiveness and costs to provide insight into potential short-and long-term effects of tests. In clinical practice we focus on identifying which patients require treatment. It is important to distinguish between the extension and refinement of classifications of a disease for the purpose of clinical research and clinical practice.
